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BLAST FURNACE TEST'S WITH COKES OF DIFFEFUNG REACTIVITY 

By A. A. T r i s k a  
Great Lakes Carbon Corporation, Chicago 1, I l l i n o i s  

Pig iron is produced in blast furnaces by heating and reducing iron ore  with 
furnace coke anti products of cambustion. Combustion and gasification of the coke 
near the bottom of the furnace provide the required temperatures and reducing 
atmosphere. This paper deals with coke savings observed on commercial blast f u r -  
naces when petroleum coke was added to the coal blend before carbonizing 'h by - 
product ovens. An analysis of the furnace operating results indicate that changes in 
coke structure which affect reactivity were responsible for reduction in coke rate. 

HISTORY 

Blakley and Cobb (1) in England, and Broche and Nadelman (2) in Germany, are 
typical of many investigators who have speculated f o r  many years on desirable coke 
characteristics for blast furnace use. They concluded that a,coke arriving at the 
tuyeres in larger proportions was desirable. To attain this, the gasification of coke 
carbon further up the shaft must be reduced. This gasification is called "solution 
loss" which imrolves the reaction of coke carbon with carbon dioxide originating from 
indirect reduction of iron oxides and calcination of carbonates. 

Our experience with special foundry coke indicates that a furnace coke less re- 
active to gasification in the upper and cooler portion of the furnace can be produced. 
A coke of this type contains less internal pore surface and thicker cell w d a .  When 
used in cupolas, a coke reduction is experienced, in addition to use of more air per 
pound of coke charged, higher combustion temperatures, and higher concentration of 
carbon dioxide in the off-gas. The increased carbon dioxide concentration indicates 
that the reaction of coke carbon with carbon dioxide can be depressed in cupolas. 
Thus, if the same can be accomplished in a blast furnace, the "solution loss" would 
be reduced. 

The practical advantage experienced by the use of special foundry coke in cupo- 
las led to the idea that blast furnace cuke could similarly be improved. Hence, plant 
scale blast furnace tests were planned. 

PRELJMIXARY PLANT TESTS AT OBERSCHELD, GERMANY 

A one month test, with a low internal surface dense foundry coke, w a s  made in 
a small blast furnace producing foundry pig iron at Hessische Berg-Und Huttenwerke. 
Oberscheld, Germany. In this test various proportions of normal furnace coke w e r e  
replaced with dense H-C Coke, a special foundry coke. This coke was  produced by 
Verkaufs Vereinigung Fur Teererzeugnisae who operate under a license agreement 
with Great Lakes Carbon Corporation. 

Table I summarizes the results of a 166-hour test on the Oberacheld blast f u r -  
nace in which 33.4 percent H-C Coke was substituted for normal coke. The data 
show the average practice for normal coke and for a mixture of 2/3 normal coke and 
1/3 of H-C Coke. 
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The replacement of 33.4 percent normal coke by H-C Coke was  ascompanied 
by an increase Ln silicon and a reduction of sulphur in the hot metal, reflecting 
increased hearth temperatures. AS a result, the operator chose the following 
changes in practice while producing iron of comparable sulfur content : 

1) Coke rate reduction of 44 pounds per ton of hot metal 
2) Blast temperature reduction of 144'F 
3) Increase in hard to reduce ore of 174 pounds per ton of hot metal 
4) Reduction of scrap iron of 192 pounds p e r  ton of hot metal 
5) Reduction in stone rate of 138 pounds per ton of hot metal with 

equal slag volume at a basicity Seduction from 1.40 to 0.95. 

TABLENO, I 

H-C COKE PERFORMANCE XS NORMAL COKE 
OBERSCHELD BLAST FURNACE TEST LI 

(Working Volume - 7230 Cu. F't.) 

TEST CONDITIONS 

FURNACE COKE 
NormalCoke, % 
H-C Coke, % 

COKE ANALYSIS 
Ash, % 
sulfur, % 

FURNACE CHARGE 
Pounds Coke/THM ( As charged ) 
Pounds StoneITHM 
Ore, % Fe 
Pounds Scrap IronlTHM 
Pounds Hard To Reduce Ore/TFiM 
Pounds Oxygen in Ore ITHIM 

Tons Hot Metal Per Day 
Hot Metal, % Silicon 

Slag Volume, Pounds/TRBI 
Slag Basicity, Base/Silica and Alumina 
Off Gas, 70 CarbonDioxide 

% Carbon Monoxide 
70 6Hydrogen 
70 Nitrogen 

PRODUCTION 

% 'sulfur 

OPERaTMG CONDPTIONS 
Blast Temperature, "F 
B M  Pressure, PSIG 
WindDelivered, CFM 

NORMAL COKE H-C COKE MIX 
( 2 8  Days 1 ( 166 Hours) 

100 Days 66.6 
33.4 

8.7 
0.92 

I860 
3 84 
40.2 
426 
2 24 
618 

167,O 
3.22 
0.016 
133 8 
1.40 
8.2 

32.3 
2.4 
57.1 

1526 
9.38 
10430 

7.2 
0.97 

1816 
246 
41.7 
234 
3 98 
73 2 

173.6 
2.93 
0.021 
1342 
0.95 
9.1 

31.5 
2.0 
57.4 

1382 
9.41 
10400 
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It w a s  difficult to  evaluate the results given in Table I in respect to coke sav - 
h g s  by the use of H-C Coke as the bur'den used during the test period differed consid- 
erably from the one normally used. During the test period on H-C Coke 398 pounds 
of SO called hard to reduce ore were used per ton of hot metal compared with 224 
pounds during the base period. With normal practice it was reported a n  excess of 
250 pounds or hard to reduce ore results in cold iron at Oberscheld. The signifi- 
cance of an increase of 174 pounds of ore p e r  ton of hot metal cannot be fully appre- 
ciated unless it f s pointed out that extremely dense Kiruna D, Swedish Magnetite, 
was charged in 4-6 inch lumps. Such ores would tend to contribute to carbon dioxide 
at low levels in the blast furnace and result in more solution loss .  A reduction in the 
scrap per ton of hot metal from 426 pounds in the base period to 234 pounds in the 
test period is also significant because an additional amount of iron had to be reduced 
from ore. 

In order to obtain a better understanding of coke saving, the practice values 
obtained were evaluated with the use of the Flint Coke Rate Formula (3) (4) which 
corrects for burden and iron analysis variations. The results thus calculated are 
shown on Graph No. I. The significance of this Graph was that a calculated coke 
saving occurred and increased linearly with H-C Coke replacement of normal f u r  - 
nace coke. Of special importance w a s  the excellent correlation af the results with 
variation of percentages of H-C Coke used from which it w a s  concluded that the data 
obtained are reliable. This conclusion ultimately led to the development of a special 
furnace coke. 

TABLE NO. I1 

RESULTS OF H-C COKE REACTIVITY 
OBERSCHELD TEST II 

OPERATING VARIABLES 

Coke Reduction,pounds /THM 
Blast Temp. Reduction "F 
Stone Reduction, Pounds/THM 
Slag Basicity Reduction, Base /Silica and Alumina 
C02,  Increase in Off-Gas, 70 

CHANGE IN 
PRACTICE VALUE 

87 (a) 
144 
13 8 

0.45 
0 .9  

(a) Corrected for burden variation with Flint Coke Rate Formula. 

Table No. II. shows that the preliminary Oberscheld blast flrrnace tests with 
special foundry coke resulted in reduced cake rate, reduced stone usage and in - 
creased carbon dioxide content in the off-gas. Of special interest is the fact that 
normal desulfurization w a s  obtained despite the reduction of 0.45 slag basicity 
from 1.40 to 0.95 at equivalent slag volume and slag sulfur content. (1.3); These 
findings were anticipated from our cupola experience with dense f o d d r y  coke. 



172. 

DEVELOPMENT O F  P-C COKE 

Before making further blast furnace tests a special low cost furnace coke was 
developed simulating the useful reactivity characteristics displayed by 33.4 percent 
E-C Coke mixtures with normal furnace coke. This coke, called P-C Coke, was 
manufactured in normal by-product ovens and was produced from coal blends con - 
taining appropriately sized petroleum coke. A three (3) month and a one (1) manth 
plant scale blast furnace test w e r e  made wi th  this coke at two (2) large steel plants 
in the States. 

COOPERATIVE COLORADO FUEL AND IRON CORPORATION TESTS 

The initial use of P-C Coke in a blast furnace w a s  made at the Pueblo Plant 
of The Colorado Fuel and Lron Corporation. This coke w a s  produced from their 
normal high volatile coals and the replacement of low volatile coals with minus 
118 inch petroleum coke furnished by Great Lakes Carbon Corporation. Petro- 
leum coke is the residue obtained from coking residual petroleum oil. 

TABLENO. ILI 

P-C COKE PERFORMANCE VS REGULAR COKE 
CF&I THREE MONTH PLANT TEST 

(HearthDk.,  20 Ft., 3 In., WorkingVol., 26015 Cu. Ft.) 

TEST CONDITIONS 

COKE ANALYSIS 
Ash, yo 

REGULAR COKE P-c COKE 
B ASE PERIOD AVERAGE AVERAGE(a) 
(158 Days) ( 85 Days) ( 23 Days) 

11.6 11.8(b) 11.8(b) 
sulfur, 70 0.57  0.63 0.61 

FURNACE CHARGE 
Pounds Coke/THM ( AS charged ) 1514 1414 13 50 - 
Pounds Stone /THM 605 547 509 
Theoretical Pig Yield, 70 53.3 52.8 53.6 - 

PRODUCTION 
Tons Hot Meta l  Per Day 
Hot Metal, % Silicon 
Hot Metd,  70 Sulfur 

OPERATING CONDITIONS 

651 655 
1.13 1.10 
0.044 0.045 

Blast Temperatures, "F 
Blast Pressure, PSIG 
Wind Delivered, CFM 

1075 981 
19.9 21.5 , 

35560 34410 

709 
1.08 
0.047 

1000 
21.4 
35320 

Note (a) Snowfall 0. I" w a t e r  compared to normal of 0.03". 

Note (b) Problems in Washery caused coal ash increase. Petroleum coke 
contains 0.3 percent Ash. 
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Table ILI summarizes the resul ts  of a three (3) month blast furnace P-C 
Ccke test in comparison with normal practice. The data shown in Table 111 rep - 
resent the average values obtained. It is to be noted that the  informaticn was 
gathered from operating records. The values appearing in the last, col~mn under 
the heading "Average" ( 23-day ) represent a 23 day, conscc-dive period included 
in the 85 day test run. A review of Table IXI indicated the following : 

1. Hearth Temperature Increase - Visual inspection of the tuyeres, at the 
! , t h e ,  when P-C Coke first reached the hearth, showed an increase in 

temperature. An increase in the percent of silicon and a reduction in 
sulfur in the hot metal produced also reflected an increase in hearth 

b temperature. This increase in hearth temperature permitted, and in 
fact required. changes in practice to produce hot metal of the usual 

1 analysis. 
1 

Average changes in practice for the 85 day period on P-C Coke follows : 

1. Coke rate reduced 100 pounds. 
2. Stone rate reduced by 58 pounds. 
3 .  Blast temperature reduced by 94' F. 

I Inasmuch as the carbon content of the coke remained essentially con- 
stant a reduction of this order of magnitude in the coke rate indicates that 
more heat was obtained from each pound of P-C Coke charged. This 
follows because the heat required pe r  ton of iron did not change signifi - 
ca,ntly a s  the chemical and physical character of the burden remained 
fairly constant. 

2. Solution Loss - A reduction in solution loss is indicated by the use of more 
air ( 1.8 cubic feet per pound of P-C Coke charged, despite a reduction of 
2620 cubic feet of wind per ton hot metal. This shows that a la rger  percent- 
age of the coke reaches the tuyeres and less of it w a s  gasified above the 
tuyeres. The reduction in gasification above the tuyeres is attributed to the 
lower reactivity of the P-C Coke towards c a r b e  dioxide. The twofold effect 
of decreasing solution loss and .bringing more carbon to the tuyeres is larger 
than one might at first anticipate. 

For simplicity it will be assumed that solution loss  of carbon is decreas- 
ed by 48 pounds or 4 pound mols per ton hot metal. 

HEAT EFFECTS OF REDUCING SOLUTION LOSS 

Heat Loss due to Solution Loss 4C + 4 C02 = 8 CO 296,780 BTU 
Heat Gain due to Combustion 4C + 202 = 4 CO 190,200 BTU 

Additional Heat Available 486,980 BTU 
I 



Thus from the above tabulation it can be seen that a reduction In soh - 
tion loss of 50 pounds increases the available heat by about 500,000 BTU 
per ton of hot metal. 

3. Blast Temperature - Because the furnace was a little .ti&ter the operators 
chose to operate wit0 a 94'F lower blast temperature on P-C Cake. By 
improving the physical character of the burden ( such as pellets,etc., ) SO 

as to  reduce blast pressure. a still further improvement irr coke rate would 
have been possible by keeping the blast temperature closer to normal levels. 
As an alternate some 3 to 4 grahS of moisture could have been added to the 
blast to obtain a faster rate of drivLng and more tonnage. The effect of blast 
humidity is manifest in the 23 d q  period when the average rainfall (snow) 
was above normal. Hot metal tormage and coke rates were more favorable 
during this period as shown in Table III. 

4. Blast Pressure - The slight tightening of the furnace w€th P-C Coke result - 
ing iu a blast pressure increase of 1.6 pounds wa~,in the main, ascribed to 
a reduction of the volume of the raceway. The reasoning for this was that 
the conditions appeared similar to those experienced by others with increas- 
ed blast temperature (5) or oxygen enrichment ( 6 ) .  Credence to this hypoth- 
esis was further given by the practice in the 23 day period resulting in nor- 
mal wind rates and 9 percent capacity increase with a 164 pound coke re - 
duction. The increased coke rate reduction shows the potentials that exist 
with improved practice such as increased humidity in blast and better gas 
solid contact. 

Further, foundry experience with dense coke leads to the theory that 
the maximum carbon dioxide concentration in the combustion zone with P-C 
Coke is higher and located closer t a  the tuyeres than with normal coke. A 
condition of this type would explain the tightening of the furnace and loos- 
ening with steam. 

OPERATING VARIABLES CHANGED BY USE O F  P-C COKE 

Table IV summarizes the change in practice values attributed, in the main, 
to improved useful cuke reactivity. To some extent the reduction in coke rate was 
also contributed to  by the increase of 11.0 t o  14.2 percent iu the iron concentration 
in the charge caused by 2 reduced coke and lime volume in the 85 and 23 day periods 
respectively. The iucrease in air requirement per  p o M  af coke charged and re- 
duction i~ air required per  ton of hot metal is in agreement with our dense foundry 
coke experience in cupolas and ig sigaificant . 

Manes and Mackay (7 )  with  thermal and equilibrium data. constructed a sim- 
plified d e l  of a blast furnace to  derive a quantitative estimate of coke rate. They 
slmw a coke saving results fram ax increase Ln air per pound of C O " ~  charged with 
concomitant reduction in air per ton hut metal, This is the same finding as found 
in the cF&I test. 



TABLE IV. 

RESULT OF P-C COKE REACTIVlTY 
CF&I THREE MONTH P U N T  TEST 

CHANGE IN 
OPERATING VARIABLES 

More-Air/Pound Coke Chg., Cu. Ft. 
LessAir/THM, Cu. Ft. 
.Less Coke /THM, Pounds 
Less Blast Temp. 'F 
Less  StonelTHM, Pounds 
Increase in Daily Metal  Production, 70 

P-C COKE STRUCTURE 

t 

-Y 
c 

PRACTICE VALUE 
AVERAGE AVERAGE 
(85 Days) -03 Days) 

1.8 1.5 
2620 
100 
94 
58 
0.6 

6450 
164 
75 
96 
8.9 

Before reviewing the reducing and temperature conditions in a blast furnace 
a s  related to fundamentals of coke gasifications, the significant structural charac- 
teristics of P-C Coke are discussed. Of special importance are those P-C Coke 
characteristics which affect i ts  rate of gasification at various temperatures 
experienced in a blast furnace. 

The physical coke characteristics relating to gasification are significantly 
affected by inclusion of petroleum coke in the coal blend when producing P-C f u r -  
nace coke. These become readily apparent when viewed under a microscope. 

The effect of replacement of low volatile coal with petroleum coke in a 
given blast furnace coal blend is shown in Figures 1 and 2 at 1OX magnification. 
In FIgure 1 the normal blast furnace coke produced with low volatile coals is 
shown. The black portions are t h e  pores filled with a black resin while the light 
portions are the cell walls. The specimen before photographing requires a high 
degree of polish. In this operation, great care was exercised so that some of the 
fragile extremely thin cell wa l l s  are not in part destroyed. Normal furnace coke 
in Figure 1 at 1OX magnification gives the appearance of discontinuity of some of 
the fine white cell walls. When this is viewed under a microscope at 40X magni- 
fication the continuity of the cell walls can be observed. It is, however, to be 
noted that in Figure 4 at 40X magnification the discontinuity of the fine cell walls 
is again noted. The reason for this is the lack of photographic sensitivity with the 
bright lighting required. This type of lighting is required for accentuating the 
petroleum coke highlights and was used for all photographs. When keeping this in 
mind it is noted that the normal furnace coke shows iy larger number of relatively 
small pores with considerable thin cell walls a s  compared to P-C Coke shown in 
Figure 2. Further comparing the 1OX magnUicatian of normal and P-C Coke it is 
noted that P-C Coke hag larger pores. 

4 
/ 
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In Figure 2, attention is called to the amorphous-appearing white highlights 
in the cell walls. These highlights are petroleum coke particles which are firmly 
bonded into carbonked coal matrix. Close inrrpection as shown by 40X magnifi- 
cation a€ P-C Cake in Figure 3 also r eveds  that larger particles of petroleum coke 
are tightly bonded into the mactrix and that fine petroleum coke.particles are fnclud- 
ed in the cell wall8 thus contributing to their thickness. Far comparison purposes 
Figure 4 shms I 40X magnification of normal furnace coke. This again shows in 
camparisan to Figure 3 that the cell walls in P-C Coke are massive and thick. In 
order t o  observe the effect of low volatile coal in the n t x m a l  furnace blend, a coke 
was produced La a commercial oven without the use d low volatile coal in the high 
volatile coal blend. The coke thus produced is shown in Figure 5 at 40X magnifica- 
tion. A n  inspection shows that even thinner cell walls resulted with the r e m d  of 
low volatile coal from the normal furnace coke blend. Therefore, the thicker cell 
walls i r ~  P-C Coke are not attributed to the remaval of low volatile coal from the 
blend, but rather to i ts  replacement with petroleum coke. To accomplish this the 
petroleum coke must have altered the coalescence a€ the plastic coal in such a 
manner as to produce thicker cell walls in the P-C Cake. 

1 

That petroleum coke contributes to the coalescence of cell walls  at fLrst may 
seem surprising as f.t does m€ become plastic in the same manxer as bituminous 
cokke coals on heating. In order t o  assist in clarification of this property,petro- 
leum coke was macroscopically inspected before and after carbonization. Figure 6 
shows a 1OX magnification of petroleum coke before carbonization. The black por- 
tions are  the pores filled with a black resin and the light portion represents the cell 
walls. Of interest are  the black lines traversing the cell walls. These lines are 
thermal shrinkage cracks and on carbonization result in structural weakness in the 
P-C Coke produced. In order to eliminate this weakness, petroleum coke must be 
preigptished to about 90 percent or more minus 1/8 inch in size, before inclusion in 
the coal blend. An impact type miU has been found quite satisfactory for this pur- 
pose. 

On carbonization of petroleum coke the thermal shrinkage cracks are accent- 
uated as illustrated in Figure 7. These fissures, of course, can be substantially 
eliminated by precrushing. The amorphous appearing cell walls are bordered by 
a darker appearing homogeneous mass. This is the carbdization product of the 
heavier volatile content of the petroleum coke as it was expelled thermally from 
the internal portion of the petroleum coke. At one point of the thermal treatment 
during carbonization this material w a s  plastic. This plastic portion of petroleum 
coke is not visible in P-C Coke. It was therefore concluded that it is diffused with 
the plastic material from the coal contributing to both bonding and coalescence of 
the cell walls. 

However, as the plastic mass is limited, petroleum coke does not exhibit the 
bonding characteristics on heating typical of bituminous coking coals. This may 
explain why a more thorough blending with petroleum coke is desirable for higher 
tumbler values. From the macroscopic analysis it was concluded that the major 
structural differences between P-C Coke and normal furxiace coke a re  : 

c 
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2.  

3 .  

Carbon Concentration - There is a higher concentration of carbon or a more 
continuous outside carbon surface of P-C Coke due to thicker cell wa l l s  
caused by coalescence and inclusion of fine petroleum particles in the cell 
walls. (This is also confirmed by a 1 2 . 5  percent increase in apparent 
specific gravity of P-C Coke as compared to normal furnace coke. ) 

Internal Surface - There is a substantial reduction of internal surface area 
due to reduction of the number of fine porea. 

Larger Pores - There are larger pores in P-C Coke due to coalescence of 
the plastic material from coals. 

These enumerated P-C Coke characteristics enhanced the coke performance 
in the blast furnace test runs. 

Before discussing the gasification characteristics of P-C Coke in relation to 
blast furnace conditions it may be well to enter into a brief review of the funda- 
mental coke gasification concepts. 

FUNDAMENTALS OF COKE GASIFICATION 

Coke gasification has been studied extensively by a larger number of investi- 
gators over the years and reported in the literature. The accepted theory states 
gasification is a surface phenomenon which i s  greatly accelerated by temperature 
and retarded by surface films. 
coke ami oxidizing gases varies in thickness depending on the rate of coke gasifi- 
cation and disengagement of these gases. This is a dJQamic balance and increased 
gas velocities passing over the coke reduce the f i l m  thickness. Diffusion through 
the surface f i l m  to the coke at  high temperatures follows the mass law in that in- 
crease in available reactants results in increased rate of coke gasification in a 
given volume and thus higher temperatures result. This has been amply demon- 
strated in blast furnaces with oxygen enrichment of the blast. This same phe- 
nomenon occurs with a variation of apparent specific gravity of coke. Increased 
specific gravity results in more available carbon per unit surface under the f i lm,  
as the carbon is more densely packed. In the past it has been demonstrated in 
the blast furnaces that higher temperatures and better driving rates  w e r e  obtained 
when relatively light charcoal was replaced by heavier beehive coke and then again, 
when beehive coke was replaced by heavier high temperature by-product coke. 

The surface f i lm which is the boundary between 

The work reported by Tu, et  al., (13) sheds further light on the f i lm diffu- 
sion theory of carbon combustion. Graph NO. LU summarizes some of the perti- 
ne nt results showing variation of combustion rate with temperature, gas velocity 
oxygen concentration. He also shows that the rate of combustion varies linearly 
withpercent oxygen up to 25 percent. At  high temperatures where d+ffusion 
through the surface f i l m  is controlling, the rate of reaction var ies  as the 0.4 to 
0.7 power of the mass velocity. In addition in this range, the rate of combustion 
varies approximately as the 0 .6  to 1.1 power of the arithmetic mean temperature 
in degrees Kelvin. The work of Dubinsky (14) shows carbon gasification with c a r -  
bon dioxide increases enormously in the temperature range of 1200 to 1400°C. In 
this range, temperature has relatively little effect ~d the rate of combustion f o r  a 
given carbon in air. 
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hvegtigators have ahown that cake gasification can be considered to occur in 
three steps, depending on temperature (8), (9) , (15). (16). Graph No. I V a  accord - 
ing to Wicke,illustrates this concept. 

STEP I - At low temperatures. Step I occurs. In this range the rate  of conversion 
of carbon dioxide to carbon monoxide is determined by total available surface carbop 
and the activation energy of coke. The tutal available (carbon) surface. includeg both 
the ex terna lmace  and internal pore surface which, for f m c e  coke. la in the 
range of two (2) square meters  per gram. 

1 
, 
1 

1 From Graph IV it is noted that the rate of reaction increases rapidly with tern- 
peratare in Step I. 

STEP 11 - With increasing temperatures, the rate of 'increase of the reaction aloaa 
and a transition stage "att is entered. Subsequently, Step It is reached in which the 
rate af reaction is so rapid that carbon dioxide, a$ it approaches the coke and ita 
pores through the gas film, is in part converted and therefore the amount of carbon 
dioxide concentration reachmg the internal pore surfaces of the coke is reduced. 

1 

, , 

This area. for convenience, can be referred to a s  pore diffusion zone. As a result 
less  total effective surface becomes available for reaction and the rate of increase 
of the reaction is reduced to one half of that in Step I. The temperature range in 
which it occurs, by definition, is Step U. 1 
STEP Ln.- At further increasing temperatures, the rate  of increase of the reaction 
slows and a transition stage "b" is entered. Subsequently, Step III is reached in 
:itich the rate of reaction is so high that no carbon dioxide is available for internal 
pore diffusion. In this area gas diffusion through the f i l m  is controlling. The 
diffusion coefficient is only slightly affected by temperature increases and there- 
f o r e  the rate af reaction increase is slowed down. 

BLAST FURNACE CONDITIONS AFFECTING COKE GASIFICATION 

An analysis was made of the fundamentals concerning blast furnace conditions 
and coke gasification to permit an explanation of the significant coke savings ob- 
tained with P-C Coke. A literature search revealed a considerable fund of infor- 
mation which must be carefully sifted to permit rationalization applicable to con- 
ditions existing in a blast furnace. 7 

4 

Of considerable interest on coke gasification i s  the work reported by B. Heynert 
and J. Williams (81, N. Pe te r s  and E€, Echterhoff (9) and others ( l o ) ,  ( 1 l ) a  (1Z). 
One of the main difficulties is to assess the relation of temperature in the blast fur- 
nace with gas composition. An approximation of this is possible with the sampling 
procedure used by Schurmam et al (10). 

Graph 11. -A, based on work by Schurmann, shows the relation of temperature, I 

I 

with percent carbon monoxide, carbon dioxide, and tatal percent of carbon gases 
in a commercial blast furnace. The concentrations of carbon monoxide and dioxide. 
are strongly affected by temperature and the Boudouard reaction. From this Graphs 
it readily can be seen. that a desirable coke is one that wil l  depress the reduction 
of carbon dioxide. tu  carbon monaxide. It is t o  be noted, that inthe temperature '. 

1 



I 

region where reactions of this type predominate, carbon dioxide is available from 
carbonate and iron oxide reduction in addition to that from carbon monoxide oxida- 
tion accompanied by carbon deposition. Therefore, a coke saving results wi th  a 
coke which promotes increased concentration of: carbon dioxide in the off gas, as it 
is more effectively used in oxygen removal. 

The relation of temperature at various blast furnace elevations above the 
tsyeres, with percent carbon monoxide, carbon dioxide and t h  total percent of car- 
bon gases, as reported by Heynert and co-workers, is shown in Graph IL, Analyz- 
ing this curve from the point of view of carbon gases,four distinct zones are  apparent. 

ZONE I - The combustion zone in front of the tuyeres is considered @ Zone I. In 
this zone for practical purposes no iron oxides a re  present and temperatures are 
at  3000°F and somewhat higher. Under these conditions the overall reaction of 
coke carbon with hot blast is : 

(1) c + +o,+co - 47,550 BTU 

This reaction provides heat and reducing gases for iron ore reduction. High 
temperatures are  developed which play an important role in hearth reactions. High 
temperatures result in hot metal with high silicon and low sulfur content due to the 
slag reactions. High temperatures, other conditions being equal, are the result of 
more carbon reaching the tuyeres and therefore the coke rate can be reduced to 
obtain comparable quality iron. 
tributed to by the combust ion characteristics of the coke then additional coke savings 
are possible by a stone saving to obtain comparable iron. 

If, however, the higher temperatures are also con- 

ZONE II - The area immediately above the combustion zone is characterized by the 
absence of carbon dioxide. This is due to the existing high temperatures at w-hich 
carbon dioxide is unstable and, in the presence of carbon, decomposes to  carbon 
monoxide. This area is the pure "direct reduction zone" in which the overall re-  
action of iron oxide is : 

(2) FeO -t C+Fe + CO + 67,290 BTU 

I 

I 

This reaction is pictured as going through the following mechanism : 

(2 a) FeO + CO-Fe + C 0 2  - 6,905 BTU 

(2  b) CO2 + C k 2  CO +74,195 BTU 

(2) FeO,+ -C-+Fe + CO -+67,290 BTU 

Since reaction (2) consumes a considerable amount of heat the temperature 
drops rapidly in this area and as carbon monoxide is formed i ts  concentration in- 
creases rapidly. 

ZQnE I11 - This a rea  above the "direct reduction zone" is characterized by the 
appearance of stable carbon dioxide as temperatures have dropped sufficiently and 
a reduction of carbon monoxide occurs. The termination of this zone is the tem- 
perature range in which the Boudouard reaction reverses. To assist  in showing 
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this the total carbon oxides are plotted on Graph II. Zone III can be referred to 
a9 "indirect reduction" zone. It is, of course, recognized that even though the 
direct reduction has  been depressed some of it still praceeds. Besides this re- 
action a n d e r  of others occur with the end products consisting principally of 
Wustite, spong iron, carbon monoxide and carbon dioxide. 

The bulk of these reactions requires k6S heat than "direct reduction" and 
therefore the temperature drop in this zone U less until a point is reached where a 
strong endothermic reaction occurs. This area is where the main portion of the 
carbonates decompose and possibly other endothermic reactions occur. AS there is 
an excess of carbon monoxide from Zone 11 for  conversion of iron curides to carbon 
dioxide, it is obvious that an unreactive coke, minimizing the reduction af carbon 
dioxide i n  Zone ID, results in a coke rate reduction. 

ZONE IV- Zone Tv is characterized by the falling off of the total carbon oxide con- 
centration and a rapid drop in ambient temperature. The total carbon oxide volume 
is reduced due to carbon deposition from the reaction of two volumes of carbon mon- 
oxide to one volume of carbon dioxide. The iron ore  reduction reactiolls, s h -  
Uarly as in Zone III, proceed in this area with the modification that the end products 
favor carbon dimide formation m e r  carbon monoxide formation. The higher con- 

. centrations of carbon dioxide favor the oxidation of free metallics. Again in this 
zone it is obvious that a coke favoring the stabilization of carbon dioxide will result 
in a coke saving. 

Inspecting the temperature profile on Graph II, it is noted that the carbon diox- 
ide concentration is higher than predicted by the Boudouard equilibrium. This phe- 
nomenon is due to the fact that the temperature profile measures the ambient tem- 
perature while the Boudouard reaction is controlled by the reacting carbon surface 
temperature. This surface temperature is lower than the ambient temperature as 
strong endothermic reactions occur on its surface.. 

From the foregoing thermal and chemical considerations it was shown that a 
reduction in coke rate w i l l  occur in a blast furnace with a coke resul thg in : 

1. Increased temperature when gasified at the tuyeres. 
2. Increased percent of coke gasifying at the tuyeres. 
3. Reduced reaction rate with carbon dioxide to form carbon monoxide. 

That an increase in the percent of coke gasified at the tuyeres results in coke 
saving was alsa demonstrated by M. Manes aud J. S. Mackay (71. By means of a 
simplified mathematical model of a: blast furnace, they showed that a coke rate re- 
ductiorroccnrs wi th  an increase ih air per pound of coke charged with a concomitant 
reduction of air per unit of ore. They further deduced that "secondary reduction I '  

( ore reduction below 1000°C ) increased under these conditions. 

DESIRABLE COKE CFWRACTERISTICS 

Considering the conditions affecting coke gaaification in a blast furnace and the 
coke gasification fundamentals presented, it is apparent that a coke having the follow - 
% characteristics will result in a coke rate reduction in a blast furnace: 
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1 .  

! 

B 

I. 

.'. 2. 

3 .  

Reduced Internal Surface 

A coke with reduced internal surface will produce less carbon m0210&- 
ide in the cooler upper portions of the stack and therefore a cake saving 
results. Further, a larger proportion w i l l  remain for gasification at the 
tuyeres and thus mare heat is releaged in the hearth. 

Increased Pore Diameter 

A coke with increased-pore diameters results in increased gasifi- 
cation with iron oxide in the pore diffusion range. This zone i s  signif- 
icantly extended in a blast furnace from about 1OOO'C to as high a s  
1700'C due to the existing high gas velocities reducing surface film 
thickness. Therefore, a coke with large pores presents more avail- 
able surface and gasifiea more rapidly at temperatures existing in the 
direct reduction zone. The furnace level to which the direct reduction 
zone extends depends on temperature. As direct reduction consumes 
large amounts of heat, the acceleraticm of this reaction has a cooling effect 
and therefore the direct reduction zone stops at a lower level Ln the furnace. 

Increased Carbon Concentratinn 

A coke with higher concentration of carbon on its surface furnishes 
more reactants per unit area. Hence, at the tuyeres, the combustion 
temperature is increased as the reaction takes place in a smaller volume 
due to the mass action law. Consequently in the combustion zone, at equal 
total heat release, higher temperatures occur. 
that the carbon dioxide concentration becomes higher and also occurs at a 
point, closer to the tuyere nose. It m a y  also be speculated that the higher 
temperatures occurring at the higher carbon dioxide concentration at local- 
ized areas in the combustian zone of the blast furnace contributes to the 
reduction of limestone usage ( more acid slag 1 for proper metal quality 
control. 

Further it would appear 

SUMMARY AND CONCLUSIONS 

P-C Cake and €I-C Coke, when used in blast furnaces, resulted in significant 
changes in operating results. These are summarized in Table V. 

TABLE V. 
EFFECT OF SPEClAL COKES VS NORMAL COKE IM BLAST FURNACES. 

Coke Saving/TBM, Pounds 100 87(4 
More Air/Po~lnd Coke Charged, Cu. Ft. 1.8 - 
LessAir/THM, Cu. Ft. 2820 6120 . 
Less Blast Temp. Required OF 94 144 
Stone Sad.ng/THM, Pwnds 58 138 
(a) Corrected for burden variation. 
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lnspectian of the changes in operating results obtained with P-C Coke and H-C 
Coke clearly indicates that use of these special cokes effect a substantial coke sav- 
ing as a result of reactivity characteristics dFffering from normal by-product furnace 
coke. In the case of P-C Coke, and by the indications obtained with H-C Coke, it 
was noted : 

1. More air was required at the tuyeres per pound of coke charged, showing 
that a smaller proportion of coke is gasified in the stack and a larger pro- 
portion at the tuyeres. 

2. Less air was required per ton of hot metal produced showing that the 
coke carbon was mre effectively used with the oxygen from the ore. 

3. Higher temperatures were  experienced in the combustion zme  as 
verified by a reduction in stone usage while producing comparable quality 
iron despite a reduction of both coke rate and blast temperature. 

In view of the results obtained and the fundamental concepts presented, it 
was concluded that the reduced coke rate obtained with P-C Coke w a s  caused by 
improved useful coke reactivity. This improvement was attributed to the follow- 
ing coke characteristics : 

1. Less  internal surface, 
2. Larger pores, 
3. Thicker ce l l  walls. 
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GRAPH I 
COKE SAVING v s W T  - cpo OF H-c COKE IN CHARGE 
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GRAPH II 
PROF1 LE O F  TEMPERATURE AND OXIDES OF CARBON 
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GRAPH IIA 
OXIDES OFCARBON A T  VARIOUS TEMPERATURES 
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GRAPH III 
RATE OFCOKECOMBUSTION W I T H  GAS VELOCITY 
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Fig.. 1 CF&I NORMAL COKE, 1OX 

Fig. 2 CF&I P-C FURNACE COKE, 1OX 

d 
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Fig. 3 .  CF&I P-C FURNACE COKE, 4UX 

Fig. 4. C F & I  NORMAL COKE, 4UX 
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Fig. 5 COKE FROM 100% H.V. COAL, 40X 

Fig. 6 RAW PETROLEUM COKE. 10X 

J 
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Fig. 7 .  CARBONIZED PETROLEUM COKE, 1OX 

Fig.  8 DENSE FOUNDRY COKE, 1OX 


